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Topographical imaging and force imaging by the Atomic Force Microscopy (AFM) has 
been applied on three kinds of human Red Blood Cells (RBC) -- dehydrated RBC, swollen 
RBC and fresh RBC in PBS solution. High-resolution images of RBC have been used to 
compare the different RBC morphology resulting from different treatment. Taking Force 
Volume data and the Hertz model, Young’s modulus of different parts of these three types 
of RBC has been calculated and compared with those reported in earlier studies. RBC’s 
rheological properties are important in simulating the blood flow through capillaries as 
well as their separation and adhesion. By using proper scanning strategy, the micro-
rheological properties of the RBC, that is, its viscoelastic deformation behavior has also 
been studied. The RBC’s inhomogeneous deformation characteristics results from its 
different local mechanical properties, which can be proved by the calculation and 
comparison of Young’s modulus at different points on its surface. More detailed 
understanding and interpretation for the RBC’s deformation characteristics can be 
acquired when the cell is subject to mechanical forces in vivo. 
 
 
Keywords: Atomic Force Microscopy (AFM), Red Blood Cell (RBC), cytoskeleton 
network, force-distance curve, Young’s modulus, micro-rheology 
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Chapter 1   Introduction 
1.1 Red Blood Cell membrane 
The viability of RBC within the human body depends on its mechanical properties. The 
RBC’s membrane is the only structural component of the cell. The membrane must be 
strong enough to prevent fragmentation of the cell and flexible enough to permit transit 
through capillaries. The structure of the RBC’s membrane must be compatible with the 
mechanical demands placed on it. The membrane of the human RBC is reinforced along 
its entire cytoplasmic surface by a two-dimensional network of peripheral proteins that 
closely adhere to the membrane proper through specific protein-protein interactions. This 
durable, flexible, and elastic network functions to stabilize the membrane bilayer without 
compromising its deformability, and thus enabling the RBC to withstand the shear stress 
during its passage through the vasculature. The cells respond to the mechanical forces by 
transient deformation while traversing through micro-capillaries and subsequently return 
to their original biconcave disk shape. This rapid, reversible deformation allows for 
maximum contact between the RBC membrane and the wall of the micro-capillaries, thus 
facilitating the exchange of oxygen and electrolytes while maintaining minimum viscosity 
in the circulatory system. Perturbations of the skeleton will cause irreversible alterations 
in the permeability, integrity, deformation, and shape of cells, leading to RBC 
pathophysiology. 
 
It is important to have a basic understanding of the anatomy of the RBC membrane 
skeleton for a clear perception of how these elements and interactions may contribute to 
 2
its structure and function. A schematic drawing of the molecular organization of the 










Figure 1   Schematic model for organization of proteins in the human RBC 
membrane (Agre et al., 1989) 
A large protein called spectrin constitutes the main component of the membrane skeleton. 
Spectrin is a flexible rodlike molecule present in RBCs at ~200,000 copies per cell. It is 
composed of two similar but nonidentical subunits of 260,000 daltons (spectrin α  subunit) 
and 225,000 daltons (spectrin β  subunit) that are intertwined side-to-side to form a 
heterodimer ~100 nm in depth. Spectrin heterodimers are polar molecules with binding 
sites for specific proteins along different aspects of its structure. A self-association 
between the head regions of two spectrin heterodimers creates a 200-nm-long tetramer. 
The tetrameric species of spectrin is the predominant form of spectrin in the RBC. 
Hexamers and other oligomeric forms of spectrin have been observed in vitro and also 
may contribute to the structure of the membrane skeleton. The tail portions of each 
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spectrin heterodimer contain a binding site for actin filaments; spectrin tetramers and 
oligomers are thus multivalent for actin and can readily cross-link actin filaments (Agre et 
al., 1989). 
 
Actin in the RBC is in the form of short oligomers composed of 12-20 monomers and this 
property of actin is unique to the RBC. There are ~25,000-30,000 actin oligomers per 
RBC and the ratio of spectrin to actin oligomers indicates that each actin oligomer should 
associate with an average of about six spectrins. Such an arrangement predicts a basic 
morphology within the membrane skeleton, thus creating a continuous spectrin-actin 
lattice beneath the membrane (Figure 1). These predictions have been confirmed by high-
resolution electron micrographs of isolated RBC membrane skeletons. The micrographs 
show a highly repeated and remarkably regular organization of the spectrin-actin 
complexes. 
 
The major high-affinity attachment site between the membrane skeleton and the overlying 
lipid bilayer is provided by ankyrin. RBC ankyrin is a slightly asymmetric globular 
protein with a molecular weight of 215,000 and it is present in the RBC at 100,000 copies 
per cell. It contains separate binding sites for both spectrin and the anion transporter (band 
3), which is the major integral membrane protein of the RBC. The membrane skeleton is 
thus tethered to the lipid bilayer by a stable spectrin-ankyrin-anion transporter linkage. 
The ratio of spectrin dimers to ankyrin in the RBC suggests that, on average, each spectrin 
tetramer is linked to the anion transporter by a single ankyrin. 
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Spectrin-actin interactions are very weak independently, but are greatly stabilized by the 
presence of protein 4.1. Protein 4.1 has a molecular weight of around 78,000 daltons, and 
is present in RBCs at about 200,000 copies per cell. Protein 4.1 increases the binding of 
spectrin to actin by an allosteric mechanism that increases spectrin affinity for actin. 
 
1.2 Micro-rheology of RBC membrane 
With proper theoretical interpretation, measurement of membrane deformation and flow 
provides a nondestructive method of probing membrane structure. The field of study 
concerned with the systematic, quantitative analysis of deformation and flow of RBC 
membrane is known as Membrane Rheology. Beyond a mere qualitative description like 
“flexible”, rheological studies of the RBC membrane have measured some remarkable 
material properties that are a direct consequence of its own unique structure. The field of 
membrane rheology can be subdivided into three separate activities: 
(1) Development of experimental techniques for directly measuring the state of 
deformation and force on the membrane; 
(2) Use of continuum-mechanical analyses to identify and calculate membrane 
material properties based on experimental results; 
(3) Interpretation of membrane properties with respect to an overall structural model 
of the membrane. 
The RBC is well suited for studies of membrane rheology because the only solid 
constituent on which forces can act is the plasma membrane (Agre et al., 1989). No 
additional load-bearing elements complicate the experimental design or the analysis. Bulk 
measurements may reflect changes in membrane properties, but they are also affected by 
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extraneous factors such as cell surface area and volume. Single cell experiments have 
significant advantages over “bulk” approaches such as filtration or viscosity 
measurements. The forces and the correspondent deformation on the cells can be 
determined with far greater precision, making it possible to know and compare cells’ 
intrinsic material properties. To apply a small but precisely measured force on the small 
RBC is not a trivial task, and measurement of the corresponding deformation is especially 
problematic due to the limits of optical resolution. To overcome these difficulties and 
precisely measure the applied forces and the resulting deformation, micropipettes have 
been developed and applied to deform individual cells. Micropipette was first introduced 
to apply a precise suction pressure to the cell (Rand and Burton, 1964) and later this 
technique was applied to measure very small surface deformations (Evans et al., 1976). 
Other experimental techniques for measuring the deformation properties of single RBC 
include filtration, rheoscopy, ektacytometry, flicker spectroscopy, scanning acoustic 











1.3 AFM and Its Application on RBC Membrane Rheology 
Atomic force microscopy (AFM) is a specialized form of scanning probe microscopy 
(SPM) invented in 1986 and awarded the Nobel Prize later (Binnig et al., 1986). It was 
developed initially as an instrument mainly used for surface science research. In a short 
period of time, AFM has been widely extended from its initial applications. Research 
efforts in the past few years have indicated that AFM can be a powerful tool for 
bioengineering researches, especially for cellular engineering. AFM has several 
advantages over the conventional microscopic techniques. For instance, using AFM, little 
or no sample pre-treatment is needed for imaging most native biological molecules and 
cells. Three-dimensional (3D) reconstruction of the sample surface at molecular resolution 
is achievable. This, combined with the ability to operate under known force regimes, 
makes AFM particularly useful for measuring the mechanical properties of biological 
samples. Many of the constraints (e.g. complex instrumentation, slow acquisition speeds 
and poor vertical range) that previously limited the use of AFM in cell studies are now 
beginning to be resolved. Technological advances will enable AFM to challenge both 
confocal laser scanning microscopy and scanning electron microscopy (SEM) as a method 
for carrying out three-dimensional imaging. Most importantly, AFM can be used in 
aqueous solution. This offers an unprecedented opportunity for imaging biological 
molecules and cells in their physiological environments and for studying biologically 
important dynamic processes. At present, no other microscopic techniques are able to 
provide directly both structural information and related functional information of a 
biological sample at such high spatial resolution. It can be used as both a precise micro-
 7
manipulator and a measurement tool and these features will bring in many novel and 
exciting applications in the future. 
 
1.3.1 Principle and Operation of AFM 
The AFM is probably one of the easiest forms of microscopy to understand. It images 
samples by ‘feeling’ rather than by ‘looking’, which is just like a blind person feeling 
objects with his fingers and then building up a mental image of what he touch. When 
imaging a sample’s topography, a micro-fabricated cantilever (100-200 mµ long) with a 
very small tip (a contact area of only a few square nanometers) is raster scanned (i.e. line 
by line) above the surface of the sample. That is, the microscope tip is moved 
progressively backwards and forwards across the surface (see Figure 2). In the AFM we 
used, a piezo-electric crystal is used to raise or lower the cantilever, maintaining a 
constant bending of the cantilever, thus constant interaction force between the cantilever 
tip and the sample surface (when doing contact mode imaging). A laser beam is focused 
onto the end of the cantilever, and then reflected from the top of the cantilever towards a 
four-quadrant photodiode detector, which can detect any bending of the cantilever, thus 
enabling the actual position of the cantilever to be back-calculated. As a result, the AFM 
records images of surface topography at a constant predefined force, which is optimized to 
produce maximal resolution without damaging the sample surface. There are different 
imaging modes developed for AFM. Contact-mode imaging involves the whole surface 
being scanned with the tip of the cantilever in constant contact with the surface. This 














Figure 2   How the AFM scans surfaces. (a) A schematic illustration of the method of 
operation of an AFM. The position of the cantilever of the AFM is controlled by three 
piezo-ceramic controllers, which place the tip of the AFM in the x and y directions and 
additionally, under a controlled and known downward force, in the z or vertical direction. 
A laser beam is directed at the reflective, upper surface of the cantilever, and the deflected 
light detected by a four-quadrant photo-detector. Both the size and position of the current 
created in the detector are linked via a computer to a feedback circuit, which maintains the 
cantilever position at a defined location on the surface that is being analyzed. Meanwhile 
the cantilever is scanned backwards and forwards across the surface (raster scanned) to 
produce an image (of surface topography, using the simplest form of AFM) that reflects 
the change in position of the cantilever tip. Other forms of imaging and measurement 
using AFM can be generated by analyzing the different types of information produced in 
the feedback circuits and also by employing different modes of controlling the movement 
of the cantilever. (b) An example of a three-dimensional image of the surface topography 
of an osteoclast that was cultured on a glass coverslip. This AFM image was produced 
using the simplest mode of operation (the so-called contact mode, whereby the tip of the 
microscope is kept on the surface of the sample that is being analyzed). (Petri et al., 2000) 
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The value of the predefined imaging force can be adjusted in the instrument software, 
which is equivalent to performing the entire scan with the cantilever bent by a small but 
fixed amount – hence this is known as ‘constant force mode’. The larger the amount that 
the cantilever is bent, the higher the imaging force that the sample experiences. Of course, 
a similar level of bending on a cantilever with a larger force constant will produce a higher 
resultant force than that from a cantilever with a lower force constant. Additionally, by 
adjusting the force it is possible to vary the image contrast and reduce damage to the 
sample. Using the contact mode, it is also possible to measure the torque applied on the 
cantilever as it is scanned sideways over the surface, thus get the information of the 
friction differences of the surface and variation in material properties. One nice feature of 
the Contact Mode is that special tips are not required, and almost any reasonably flexible 
tip can be used. By employing contact mode under liquid the capillary force can be 
eliminated, allowing much greater precision of applied forces.  
 
Tapping Mode is much less damaging to the samples. It can reduce the lateral force during 
scanning because the tip spends less time on the sample surface, which enables scanning 
of delicate samples such as networks of molecules without severe distortion. When doing 
‘Tapping Mode in air’, a relatively stiff rectangular cantilever is used when the instrument 
is operated in air. The cantilever is excited by an electrical oscillator to amplitudes of up to 
approximately 100 nm, so that it effectively bounces up and down (or taps) as it travels 
over the sample. The purpose of using this mode is to prevent the AFM tip from being 
trapped by the ‘capillary force’ caused by the extremely thin film of water surrounding 
samples in air. ‘Tapping Mode under liquid’ involves the cantilever being rapidly 
oscillated while it is slowly lowered towards the surface. When the cantilever comes close 
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to the surface, the amplitude of the oscillations is dampened and the surface can be 
detected.  
 
When doing Tapping under liquid, no ‘capillary force’ will cause imaging difficulties 
because the sample is immersed under a liquid, thus a super stiff cantilever is not required. 
Another difference from Tapping in air is that the cantilever can be driven into oscillation 
indirectly, which is fortunate since electrical devices, such as piezoelectric materials, will 
not function correctly under many liquids. In liquid Tapping the cantilever can be excited 
by applying a small sinusoidal electrical signal onto the z-channel input of the high 
voltage amplifier. This causes the main piezoelectric tube to vibrate up and down in the 
vertical (z) direction, whilst still performing its normal task of responding to signals from 
the control loop. Consequently, the sample, with the liquid surrounding it, also begins to 
vibrate. This vibration will also be communicated to the cantilever, which is immersed in 
the liquid, by viscous coupling. Alternatively, a small piezoelectric oscillator can be 
attached to the outside of the liquid cell and used to excite the cantilever. The advantage of 
using such a small oscillator is that the main piezoelectric tube remains its vibration 
characteristics because of its relatively large size. At frequencies above 10-15 kHz the 
amplitude of vibration of the piezoelectric tube becomes highly non-linear. Since the 
resonant frequency of even the most flexible cantilevers under liquid is >15 kHz, smaller 
the piezoelectric oscillator used, better the performance that the piezoelectric tube can 
obtain. 
 
During a third mode of operation, ‘force-distance measurement’, the cantilever with the 
tip slowly approaches the sample and its deflection is constantly recorded. This mode 
 11
yields the force curve showing the bending of the cantilever as a function of the distance 
traveled (see Figure 3). Using the spring constant of the cantilever, it is then possible to 
calculate the force needed to create that deflection. This mode is the basis of measuring 
the material properties of the sample and the forces between the tip and the sample 
surface. AFM is able to acquire force-distance curves on every kind of surface and in 
every kind of environment, with high lateral (25 nm), vertical (0.1Αo ) and force (1 pN) 
resolution. Moreover, force measurements can be correlated with topography 
measurements. Interacting surfaces can be reduced to 10 10× nm. AFM is the only tool 
able to measure the interactions between nanometer sized surfaces, allowing local forces 
and sample properties to be compared. Nowadays, AFM force-distance curves are 
routinely used in several kinds of measurement, for the determination of elasticity, 
Hamaker constants, surface charge densities, and degrees of hydrophobicity, etc. 
 
In both parts of the figure 3, from positions ‘1’ to ‘2’, the tip is approaching the surface, 
and at position ‘2’ contact is made. From positions ‘2’ to ‘3’, the cantilever bends until it 
reaches the specified force limit that is to be applied; it is then withdrawn during positions 
‘4’ and ‘5’. At position ‘5’, the tip relinquishes contact with the surface that is being 
analysed; however, the ligand, which is coupled to the tip, remains bound to its receptor 
molecule on the surface of the sample and both molecules are extended. Following the 
further application of the retraction force, the molecule–ligand complex dissociates (at 
position ‘6’, which is referred to as ‘snap off’). Between positions ‘6’ and ‘7’, the 

















Figure 3   How the AFM generates force–distance curves. (a) A representative force–
distance curve between a ligand, which is bound to the tip of an AFM, and a receptor 
molecule, which is bound to a solid surface. (b) A schematic illustration of the molecular 
interactions observed. (Petri et al., 2000) 
 
The maximum difference between the approach curve (i.e. the upper, solid line) and the 
retraction curves (i.e. the lower, dotted line), and the shape of the curve between positions 
‘2’, ‘5’ and ‘6’ yield information on the interaction ‘binding’ force between the ligand on 
the tip of the microscope and the receptor molecule on the surface, and their physical 
properties. PEG = polyethylene glycol, a polymer that is used as a linker molecule 
between the tip of the AFM and the ligand that is used to probe the cellular receptor. 
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1.3.2 High-resolution imaging of cellular structures 
AFM offers researchers a very strong tool to image cellular structures up to molecular or 
even atomic resolution. It can also be used for imaging living cells under physiological 
conditions. Many valuable AFM images have been reported to elucidate the structures of 
membrane, organelles, and cytoskeleton of fixed and living cells at molecular or 
subcellular resolution in air and in liquid (You et al., 1999). 
 
The plasma membrane of the cell provides the barrier between the cell and its 
environment and accommodates diverse membrane proteins. The structures of the plasma 
membrane and proteins associated with it play important roles in cell growth, 
differentiation and cell-cell signaling. They have attracted wide attention and have been 
extensively investigated. However, because of the inherent limitations of conventional 
microscopic techniques, structural information on membrane proteins at the surface of 
LIVING CELLS is generally lacking. X-ray crystallography can only solve certain 
specialized cases and a large number of integral membrane proteins embedded in the 
membrane lipids cannot be purified and crystallized. 
 
Being able to image surface structure at the molecular scale in aqueous solutions, AFM 
offers a unique opportunity to image, localize and identify integral membrane proteins at 
the surface of living cells. A number of AFM studies of membrane proteins have been 
reported (Eppell et al., 1995 and Muller et al., 1997). However, the high resolution power 
of AFM in elucidating the structure of the membrane molecules has also been 
demonstrated only in some special cases. 
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When imaging the intracellular or submembrane structures, most features observed are the 
cytoskeleton structure because of the image contrast mechanism. Only the nuclei have 
been frequently observed and readily identified with AFM. The intracellular structures 
could be revealed by cell fixation or selective removal of the plasma membrane and 
soluble proteins using non-ionic detergents (Braet et al., 1998; Pietrasanta et al., 1994). 
 
However, the clarity of images will deteriorate over time when attempting to get high-
resolution AFM images of living cells. This is thought to result from the ‘smearing’ of the 
cantilever tip with living cell-associated molecules, including cellular debris, metabolic 
products, and cellular secretion. The cell softness results in deformation of the cell surface 
under the scanning force and this effect also compounds the effort to obtain high-
resolution AFM images of living cells. Thus, the membrane proteins may be smeared 
under the cantilever pressing force and no reproducible images are obtainable especially at 
the high magnification. The authentic structure may often be deformed or even destroyed 
by the scanning force. To reduce cell surface deformation and cantilever contamination, 
the applied cantilever loading forces needs to be decreased to the much smaller level, 
which remains a technical challenge.  
 
Imaging cells under a tapping motion at high frequencies has been suggested to deal with 
the cell softness (Putman et al., 1994). The destructive shear forces in the contact mode 
imaging are minimized and high-resolution imaging of subcellular structures is feasible 
with the tapping mode AFM. It is expected that more AFM studies of cellular structures 
will be reported using this kind of imaging mode. Most cells are suitable for AFM studies. 
In some cases, certain modification of the substrate and special immobilization methods 
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are needed to increase the cell-substrate interactions and to help cells anchor firmly on the 
substrate for AFM imaging (Kasas et al., 1995). 
 
1.3.3 Real-time observation of cellular dynamic processes 
Real-time monitoring of dynamic events of living cells, cell-cell interactions and 
morphological changes of cells in response to intracellular and extracellular stimuli, is 
foreseen as another major AFM application in cell studies. The pioneer work in this area 
was carried out by Binning Group (Haberle et al., 1992), and the up-to-date progress has 
recently been reviewed by Ohnesorge et al. in 1997. They reported observing exocytosis 
of a virus from an infected cell in real time, where the probe tip pressed on the cell held by 
a microcapillary under suction. Their success had a great impact on the exploration of 
AFM applications in monitoring dynamic cellular processes. Recently, a note-worthy 
observation has been reported by Jena and colleagues on AFM imaging of the exposed 
apical region of cultured pancreas cells, which secrete the starch-digesting enzyme 
amylase (Schneider et al., 1997). The tremendous potential of utilizing AFM to monitor 
cellular dynamics in vitro has also been demonstrated by another successful study of the 
regulation of the nuclear pore complexes (NPCs) pathway.  
 
There are two major technical obstacles in monitoring the cellular dynamic processes in 
real time by AFM. First, most of the AFM studies on living cells have been carried out in 
the Contact Mode, because the error-signal images of living cells obtained in this imaging 
mode often reveal the structural details of the cell. However, in this imaging mode, the 
cells being scanned suffer stress continuously applied by the cantilever (forces typically in 
the range of 1 to 5 nN). Under certain circumstances, the mechanical forces applied at the 
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cell surface may induce intracellular cytoskeletal alterations, and other biochemical 
reactions and cellular processes can be selectively promoted or inhibited as a result of 
mechanical perturbation of the cell surface. Such instrument-induced changes are simply 
difficult to distinguish from physiologically relevant changes in cell morphology or shape 
observed in AFM images. Also, maintaining stable culture conditions for both temperature 
and pH value is a crucial issue in AFM imaging of living cells. On the other hand, it is 
hard to discern, particularly in the AFM images obtained at high magnification, whether 
the observed real-time changes in cell morphology are the authentic cellular dynamic 
movement or are the displacement of the cell surface induced by the AFM tip.  
 
The second technical obstacle is the temporal resolution of AFM, which is mainly limited 
by the scan rate, typically at ~50–60 s/image. Most cellular dynamic events are typically 
in the scale of milliseconds. Thus, the usual AFM time-lapse imaging cannot capture 
important cellular events in real time, but rather shows the effects of cellular reactions 
after they have been completed. Alternatively, one may select those cellular events that 
have a time scale slower than or comparable to the AFM time resolution (Schoenenberger 
et al., 1994) or investigate cellular dynamic events that may be slowed down by 
manipulating experimental condition (Bonfiglio et al., 1995). 
 
Approaches to eliminate cellular activation or stimulation due to the perturbing action of 
the scanning cantilever may rely on improvement of AFM tapping mode in liquid, 
development of a new technique in which much lower cantilever loading forces are 
applied, and/or the design of novel cantilever probes which are biochemically and 
mechanically compatible with biological samples. On the other hand, using state-of-the-art 
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AFM, it is not easy to resolve the molecular structures of membrane proteins and to 
identify a particular molecule, if labeling is not used, on the cell membrane among a large 
variety of structural entities, because AFM only provides primarily topographic 
information and as such different molecules with similar shapes may be mistaken for one 
another. The living cell is dynamic in nature and delicate in character, its shape and 
morphology changing with time and experimental conditions. Thus, to obtain high-
resolution images of membrane proteins at the surface of living cells and to monitor the 
biological processes of these proteins in real time are likely to remain a major challenge 
for some time to come.  
 
1.3.4 Investigating Micro-mechanical and Micro-rheological Properties of the Cell 
(including RBC) 
Using AFM, new information about cells, such as viscoelasticity, can be obtained 
quantitatively and qualitatively. Mechanical properties of living cells are so important for 
most of the cellular systems, and yet our knowledge in this regard is rather limited. For 
instance, it is not fully understood how a cell responds structurally and mechanically to 
external stress or what roles the micromechanics of cells may play in cell differentiation 
and proliferation, gene expression, secretion, or cell-cell interactions. Studying the 
micromechanical properties of living cells will help us to understand cell architecture and 
other information related to cell functions. So far, the capability of AFM to provide 
valuable information on the mechanical properties of living cells has been gaining 
increasing attention (Ohnesorge et al., 1997; Hofmann et al., 1997; Weyn et al., 1998; A-
Hassan et al., 1998; Radmacher et al., 1996). 
 
 18
Local elastic properties of a cell can be quantitatively derived from the force curves 
obtained at fixed surface points using AFM. By force volume imaging, a 2D spectroscopic 
matrix of F-S (tip pressing force vs. piezo tube displacement in Z direction) curves can be 
collected simultaneously at the same pixel points where the topographical data are 
obtained. Lots of information can be gathered about the cellular structure and the 
micromechanical properties at the same time. Recently, the focus of AFM studies on the 
cell elasticity has been turned to the cytoskeleton because it is the dominant topographic 
feature commonly observed in the AFM images of living cells and is the paramount 
element that determines the micro-mechanical properties of cells. Studies show 
quantitatively and qualitatively the reduction of cell elasticity after degradation of the 
cytoskeleton. In combination with biological and molecular techniques available today, 
AFM studies of the cytoskeleton and its relationship with the cell elasticity will help us to 
better understand the role of cytoskeleton in the control of cell shape, cell synthetic 
activities, and cell mobility. 
 
Because AFM images are dominated by the viscoelastic properties of the sample since the 
cantilever tip is in contact with the cell surface, AFM images of cells usually contain 
contrast contributions not only from the topographical features at the cell surface but also 
from local variation of cellular micro-mechanical properties. In order to obtain reliable 
local elasticity/viscosity measurement of the cell, sensitivity of the photodetector, spring 
constant of the cantilever used, and tip geometry of the cantilever all need to be calibrated 
and determined accurately.  
 
Quantitative studies of the elasticity of cells using AFM are almost all based on the 
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classical model, e.g., Hertz’ model (Radmacher, 1997; Vinckier et al., 1998). This model 
is built for a homogeneous, flat and elastic sample, which obviously at best represents a 
poor approximation of a cell. But cell surfaces are very rough and cells are heterogeneous 
in their elasticity and structural features. Moreover, cell deformation is not a well-defined 
property. Cell surface deformation in response to a given external stress can vary by an 
order of magnitude or more among different cell types, and local deformation on the same 
cell may also vary considerably. This situation may be even worsened in the AFM 
measurement because of the deterioration of the cell viability with time under the AFM 
imaging conditions generally used. Therefore, care must be taken in the quantitative study 
of cell micro-mechanical properties (Radmacher, 1997; Vinckier et al., 1998). Cell 
elasticity may not be determined accurately using AFM, and may show significant 
discrepancies from cell to cell and from one surface position to the other. Meaningful 
results require careful preparation of the sample, accurate control of the experimental 
system and conditions, and rigorous care in data acquisition and processing. 
 
Red Blood Cells (RBCs) are readily available and easy to recognize. They were ideal for 
the early assessment of applying AFM to study cellular systems. Human RBC contains a 
well-developed membrane skeleton network, their membrane skeleton is biochemically 
better characterized than those of other cells, and the expanded structure of the membrane 
skeleton meshwork has been studied by electron microscopy. The early studies were 
concerned with imaging intact cells and in determining the level of resolution at which 
surface morphology could be imaged. The shape of RBCs is characteristic of particular 
diseases and there is a growing interest in the identification of ultrastructural features 
associated with diseases, or infection of erythrocytes with parasites. The earliest images of 
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RBCs were on fixed cells either in air (Gould et al., 1990) or in buffer (Butt et al., 1990). 
Fixation prevented deformation of the cells by the probe and the images revealed the 
characteristic doughnut shape of the cells. Higher resolution scans revealed surface detail 
but the origin of these features remained obscure. Spectrin is the most abundant protein of 
the RBC membrane and isolated spectrin preparations have been imaged by AFM 
(Almqvist et al., 1994; Zhang et al., 1996) revealing structures of various oligomeric 
forms whose shape and dimensions are consistent with structures observed by TEM. 
Using Tapping mode in air Zhang P-C et al., 1995, have mapped the surface structure of 
fixed RBC surfaces down to nanometer resolution. They observed close packed arrays of 
particles of varying shape and in size from nanometers to several hundred nanometers. 
Cryo-AFM studies (Zhang et al., 1996) of glutaraldehyde fixed erythrocytes revealed the 
presence of domains with closed boundaries, having lateral dimensions in the range of 
several hundred nanometers in size, similar to those revealed by cryo-AFM on RBC 
ghosts (Han et al., 1995). Takeuchi and coworkers describe the optimization of methods 
for imaging the skeletal network of RBC ghosts by conventional AFM. These authors 
compared various fixation, drying and freezing methods and recommend rapid freezing in 
a liquid cryogen, followed by freeze drying, as the best method for preparing ghost 
specimens on glass cover slips for imaging by AFM. Their studies clearly showed that air 
-drying is not suitable for preserving the intact membrane skeletal structure even after 
fixation in glutaraldehyde. Labelling with gold particles coasted with anti-spectrin 
antibodies, and the effects on images of partial extraction of spectrin molecules, were used 
to confirm that the networks observed were spectrin networks. Images of the membrane 
structure on the cytoplasmic and extracellular surfaces have been used to discuss the 3D 
folded structure of the spectrin network and its possible influence on cell deformation 
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during circulation, or on how abnormalities in the spectrin network can lead to loss of 
mechanical strength and/or deformability of the RBC membrane. Specific labels can be 
used to locate and identify specific sites on the surface of RBCs. In 1994, Neagu C et al. 
used superparamagnetic beads coupled to antibodies to locate the transferring receptors on 
the surface of erythrocytes. 
 
AFM has been used to compare the structures of normal and pathological RBCs and 
differences in the cytoskeleton networks of normal and Plasmodium falciparum infected 
erythrocyte ghosts. AFM has also been used to image erythrocytes from patients with 
hereditary sperocytosis revealing the abnormal surface pseudopodia. These cells become 
normal on removal of the spleen. The peripheral blood plasma of uremic patients contain 
echinocytic erythrocytes. Furthermore, AFM has been used to image type 3 echinocytes 
showing the smaller more rounded ovoid shape with an even distribution of spicules 
(needle-like projections) across the cell surface. Unlike the normal discoid shaped cells the 
type 3 echinocytes show only a small central crater. The echinocytic erythrocytes revert to 
a normal discoid shape when the uremic plasma is washed away and replaced by normal 
blood plasma. There is clearly scope for both low and high resolution studies of the 
interconversion of pathogenic and normal erythrocytes due to the influence of 
pharmacological or pathogenic factors. AFM studies of normal and infected red blood cell 
ghosts show that the surface of the infected cells is smoother, contains identifiable 
parasites and exhibits large (0.2-0.7 mµ ) particulate protrusions. Higher resolution images 
are claimed to show differences in the density of the spectrin networks for normal and 
infected cells (Garcia et al., 1997).  
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Chapter 2   AFM Topographical Scanning of RBC 
2.1 Experiment Setup and System Overview 
The AFM used in the experiment was the Dimension 3100 Scanning Probe Microscope 
(SPM), purchased from Digital Instruments Veeco company. The inspectable area is 
120mm x 100mm and the resolution is 2 mµ (specified by the manufacturer). Two 
controllers are included in our system. One is the integrated Dimension 3100 Controller, 
which integrates the illuminator, power supply, and air and vacuum pumps. The 
Dimension 3100 controller is controlled via a serial cable connection between it and the 
computer. It channels positive pressure to the underside of the chuck during X-Y 
movements, allowing the chuck to glide smoothly over the granite. The other is the 
NanoScope IIIa controller, which controls the microscope head and scanning. The 
Dimension SPM head scans the tip and generates the cantilever deflection or probe 
feedback signal for the different imaging models. A quadrant photodetector detects the 
beam emitted by the laser diode (1.0 mW max at 670 nm) as it reflects off the cantilever. 
The integrated scanner head consists of preamp board, laser diode stage, adjustable 
detector mirror, photodetector, beamsplitter and laser spot detector screen and scanner 
piezo tube. The travel distance (approximate scan size) of the scanner piezo tube is 90 mµ , 
90 mµ and 6 mµ for x, y, and z axis, respectively. The cantilever holders used include 
Standard one and the Fluid Cell. Tapping Mode, Contact Mode, Fluid Contact Mode and 
Fluid Tapping Mode scanning can all be carried out. A diagram of the scanner head and 
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2.2 Sample Preparation and Scanning Procedures 
Blood was extracted from the author’s finger, anticoagulated with heparin and used 
immediately after extraction. In order to visualize the blood cells with AFM, the cells have 
to be immobilized onto a glass surface by glutaraldehyde cross-linking poly-L-lysine to 
Figure 4   The Dimension 3100 SPM Scanner Head and the Cantilever along
with the probing tips. 
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glass surface. Glutaraldehyde has the ability to fix red blood cells to stabilize the 
membranes for use in agglutination studies. Without glutaraldehyde stiffening process, the 
red cells were very easily deformed and no ‘sensible’ details of the red cells could be 
observed on imaging (Nowakovski et al., 2002). Poly-L-lysine is a solution used in 
adhering tissue sections to glass slides. All the chemicals used were purchased from 
Sigma-Aldrich (US). The following immobilization procedure obtained from 
(Nowakovski et al., 2001) was applied: 
1) Clean microscope coverslips with standard surfactant and rinse with distilled 
water. 
2) Dip coverslips in 0.5mg/mL poly-L-lysine 
3) Rinse coverslips with 1% aqueous glutaraldehyde solution.  
4) Wash coverslips with phosphate buffered saline (PBS). 
5) Dilute fresh anticoagulated blood 20 times with PBS.  
6) Let diluted blood interact on coverslips for 10 min.  
7) Add 1% glutaraldehyde and leave for 1 min to rigidify the cells.  
8) Wash cells with PBS.  
Various scanning modes were used initially to obtain the topography images of 
dehydrated and fresh samples of red blood cells to observe their general morphology and 
surface structure. Tapping Mode in air, Contact Mode in air, and Contact Mode in fluid 
were used during the scanning process. As discussed before, because of the cantilever and 
tip’s oscillation, the surrounding liquid would also bring oscillation to the cell surface. 
Thus, much noise and artifacts would be brought in the observation and it was quite 




2.3 Scanning Results and Discussion 
2.3.1 Tapping Mode in Air (dehydrated RBC) 
A cantilever with attached tip was oscillated at its resonant frequency and scanned across 
the sample surface. Constant oscillation amplitude (thus a constant tip sample interaction) 
was maintained during scanning. The amplitude of the oscillations would change when the 
topography of the sample changed. The main advantages of Tapping Mode are that the 
lower forces applied create less damage to soft samples and lateral forces are minimized 
so there is little scraping. Tapping Mode Etched Silicon Probe (TESP) (spring constant 20 
-100 N/m) was used. 
 
In Figure 5 of next page, dry RBCs overlapped each other. Most of them were not 
standard biconcave shape because they were not in the stress-free state. Most of them were 
squeezed to some extent. It was supposed that these cells had lost most of their internal 
liquid and initially they were squeezed by each other. When the internal fluid pressure had 
decreased, their shape would change according to the external stress applied. However, the 
cytoskeleton structure would not break after this process. So the cells would still remain 
quasi-spherical shape, and some peripheral parts would contain wrinkles. 
 
2.3.2 Contact Mode in Air (dehydrated RBC) 
This mode operates by scanning a tip attached to the end of a cantilever across the sample 
surface while monitoring the change in cantilever deflection with a split photodiode 
detector. The tip scans across the sample while a feedback loop maintains a constant 
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cantilever deflection and force. It is the only mode that can obtain “atomic resolution” 























Figure 5   Images of multiple RBCs (A) and single RBC (B) captured with Height
data using AFM Tapping Mode in air. The RBCs were dehydrated. A: Scan size




There are two data modes images when scanning: Height Data and Deflection Data. They 
can be obtained at the same time. For Height Data mode, the cantilever’s deflection has 
been adjusted to remain constant while the probe tip scans across the surface. Thus, the 
piezo tube’s z position will change according to the topographical change of the surface. 
That is, height information of the surface can be traced during the scanning. For 
Deflection Data type, the piezo tube along with the cantilever and the probe’s z position 
remains constant; the cantilever’s deflection will change according to the altitude change 
of the surface during the probe’s scanning. Generally speaking, scanning in Deflection 
Data mode can give a clearer topographical image while Height Data mode allows the 
user to post-process the image and collect information such as 3D view, roughness 
calculation, depth and length measurements. 
 
Figure 6 showed the dehydrated RBC image captured using the Contact Mode AFM. (B) 
was the enlargement of an individual cell in (A). It could be seen clearly there were some 
particles on the surface of the RBC. Probably, these particles were salt crystals left by 
PBS solution or they were metabolism production of the cell. An individual RBC was 
separated from the other cells and it was in its original biconcave and round shape. There 
were no obvious quality differences between the images captured using Contact Mode and 
Tapping Mode (Figure 7). It’s estimated that the surface of these dry RBC would be 
relatively stiffer than the fresh cell because they had lost most of the cell liquid and the 






























Figure 6   Image of multiple (A) and single (B) dehydrated RBC captured with
Height and Deflection data using AFM Contact Mode. (Left: Height Data Mode;
Right: Deflection Data Mode; Scan size for (A) was 25 mµ x 25 mµ and (B) was





























Figure 7   3-D Images of single dehydrated RBC captured using AFM Tapping
Mode (A) and Contact Mode (B). (Scan sizes for (A) and (B) were both 10 mµ x
10 mµ .) 
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2.3.3 Contact Mode in Fluid (fresh RBC) 
For fluid operation of the AFM, a fluid cell cantilever holder is used. The cantilever is 
mounted onto the fluid cell (for this experiment, a 0.01 N/m spring constant cantilever was 
used) and it is mounted onto the AFM scanner together with the O-ring. The O-ring is a 
protective piece of rubber that prevents liquid from entering the scanner. The laser should 
be aligned onto the back of cantilever tip so that a sum of the reflected laser on the 
photodiode detector of about 4 volts could be achieved. The deflection of the cantilever 
was measured by the laser reflection. Then using the optics camera, surface would be 
focused and the tip was to be located roughly where the scanning would be carried out 
later. After these steps, liquid Phosphate Buffered Saline (PBS) was injected with a 
syringe to form a meniscus between the scanner head and the sample surface. Once the 
liquid meniscus was formed and all parts of the scanner head bottom were surrounded by 
the liquid meniscus, the laser on the cantilever tip would shift a little to the right because 
of the deflection of the laser beam in the liquid. Consequently, the intensity sum of the 
laser on the photodiode detector would decrease to nearly zero. The laser beam could be 
shifted back to the center of the photodiode detector by turning the laser alignment knob 
in the anticlockwise direction (to the left direction of our AFM) and simultaneously the 
intensity sum would return to about 4 volts again. It was necessary to check and make sure 
the former setting of all the parameters still remain in the acceptable range because they 
were very sensitive to the position change of the laser. Also, each time after doing 
disengage or engage, one would find that the vertical and horizontal deflection of the laser 
spot on the quadrant photodiode detector had changed a lot. Thus, after these procedures, 
the laser spot should be adjusted to their original acceptable position again. 
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Figure 8 and Figure 9 showed the images of RBC obtained using Contact Mode scanning 
in fluid (PBS solution). Figure 8 was the optical image observed by the inverted optical 
microscopy. The vertical strip in the image was the glass fiber structure of coverslide. 
RBCs were adhered on the glass surface. Using this optical image, we would be able to 
select an area which has abundant RBCs and the possibility of obtaining higher quality 
scanning results would also be increased. In Figure 9, it could be found that there were 
many bacteria in the solution. The RBCs became swollen shape. It was speculated that, 
when the solution concentration decreased (the salt and other ingredient in the solution 
have been exploited by the fast generating bacteria), the osmotic pressure outside the RBC 
would be lower than the intracellular osmotic pressure. Consequently, RBCs would absorb 
water of the surrounding solution and the internal hydraulic pressure would increase. The 
biconcave RBC would become swollen round shape. Some RBCs had been infected by the 
bacteria and the cytoskeleton structure had broken. Some other pathological RBC shapes, 
including the echinocytes, has also been reported. Figure 10 below showed the 
magnification of one swollen RBC. Its top area became flat which maybe resulted from 









Figure 8   Optical microscope image of fresh extracted  RBCs in PBS solution.


























Figure 9   AFM images of RBCs affected by bacteria in PBS solution. (RBCs were
treated with glutaraldehyde and coverslide with P-L-L. The sample was cultivated in
room temperature for 10 days. Scan size 85.2 mµ  x 85.2 mµ .) 
Figure 10   A swollen RBC in PBS solution. In the Lower Left corner there


























Figure 11   AFM images of a fresh human RBC in PBS solution. (Scan size 
15 mµ  x 15 mµ .) 
Figure 12   3D view of a fresh human RBC in PBS solution. (Scan size 15 mµ x 
15 mµ . Contact Mode scanning in fluid.)
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Figure 11 shows a healthy fresh RBC. The cell is characterized by the expected biconcave 
(doughnut) shape. The height of the cell was close to ~2 µm and the observed diameter 
was ~9 µm. Due to the angle of AFM tip used (the triangular based pyramidal tip), there 
are apparent slope on the sides of the cell. The tip would slide down on the tilted area. 
This artifact of the images increased the diameter of the real cells by 1-2 µm. Although 
there were also tilted areas on the central region of the RBC, the microstructure could still 
be observed on the upper surface of the cell. Figure 12 is three dimensional view of the 
cell presented in Figure 11. Figure 13 and 14 are the corresponding magnifications of part 
of the RBC in Figure 11 and 12. Figure 15 is high contrast image that can help us discern 
the surface structure. A lattice of linked linear, pentagonal and hexagonal units can be 
observed on the cell’s surface. According to Robert N et al., 2001, the dimensions of these 
subunits are of the order 100-250 nm in length, 10-20 nm in height, and 50-70 nm in 
width, although the shape of the tip would cause some overestimation of the width by the 











Figure 13   Enlargement of a fresh RBC (same cell as Figure 11) in PBS solution.
























It’s important to note that during study of materials of different compliance, the apparent 
topography of the surface cannot correspond to the real topography and is modulated by 
Figure 14   Enlargement of a fresh RBC membrane (same cell as Figure 11) in
PBS solution. (Scan size 2 mµ  x 2 mµ ) 
Figure 15   Higher contrast image: enlargement of part of a fresh RBC
membrane (same cell as Figure 11) in PBS solution. (Scan size 2 mµ  x 2 mµ ) 
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the local compressibility of the sample. That is, when the surface is comprised of a hard 
material and a soft material, the image will still be one of constant tip surface interaction, 
such that the hard areas will appear to be higher areas on the substrate. The texturing 
observed is entirely consistent with this being due to the underlying cytoskeleton of the 
cell. For both swollen and doughnut shape cells, the structure is similar and is 
characterized by the lattice corresponding to the underlying protein network.  
 
According to Henderson E, 1994, there are two possible mechanisms by which internal 
features of RBCs such as those observed here can be observed using AFM. In one case the 
plasma membrane may conform to the underlying rigid structural elements. In this 
mechanism the scanning tip simply follows the contour of the membrane. However, a 
second possibility is that the tip directly penetrates the membrane during imaging and 
makes direct contact with the harder structures below. A further mechanism is also 
possible, where the tip presses the membrane during scanning and deforms it so that the 
cantilever follows the contours of the underlying cytoskeleton. If the first mechanism were 
correct then the internal structure of cytoskeleton on the cell surface would be observed by 
other methods, for example scanning electron microscopy. Also, if the second is correct, 
using Contact Mode to scan the surface back and forward will definitely cause many 
wrinkles on the surface and there will be scratches all around which has not been observed 
in our scanning results. At the same time, the tip will easily break due to the large lateral 
force. Thus, the third speculation is more reasonable. There is deformation not only on the 
lipid bilayer but also on the underlying cytoskeleton because of the force applied by the 
cantilever tip. The underlying structure would also be observed at least partially by 
electric microscopy because of the viscoelastic deformation properties of the RBC 
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membrane. But there is not any report about this. The force needed to deform the specific 
cell molecules is in the magnitude of pico-Newton. But the scanning force between the tip 
and the cell is of the order of nano-Newton. This large force that can be applied on the 
RBC's membrane (1-10 nN) for the deformation suggests that the lipid bilayer and 
spectrin network are stiff themselves and also further hardened by glutaraldehyde after 
extraction from human body. 
 
Figure 16 below shows cross section profile of a RBC. It is characteristic of nearly 
symmetric shape. The diameter of the cell was around 9 mµ  which was in good agreement 
with the data range (9-10 mµ  for AFM images). However, the height of it was around 
0.6 mµ  which was lower than the expected value (~2 mµ ). There are two reasons 









Firstly, after disabling the slow scan axis, the cell was deformed against the glass substrate 
and had overall deformation in the vertical direction on the line which was under repeated 
scanning; on the other hand, it was also possible that the curvature of the bottom would 
Figure 16   Cross section profile of a fresh RBC in PBS solution. (Obtained from 
‘scope trace and retrace’; Contact Mode in fluid.) 
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become flattened because of the strong adhesion between the RBC and the substrate with 
P-L-L. In our experiment, it was quite difficult to capture a cell which had been strongly 
adhered to the substrate. If the cell was stabilized on the substrate and didn’t change its 
position any more, that would verify the adhesion between the cell and the substrate was 
very strong. This strong adhesion with the substrate resulted from enough contact area 
between two surfaces. To ensure this, the cell’s bottom surface curvature had to become 
flattened to some extent. Consequently, the height of the upper surface would also 

















Chapter 3   AFM Force Imaging of RBC 
3.1 Introduction to AFM Force Imaging 
AFM force-distance curves have become a fundamental tool in several research fields, 
such as surface science, materials engineering, biochemistry and biology. They have also 
been employed for the study of numerous materials properties and for the characterization 
of all the known kinds of surface forces. From the Biomechanics point of view, using the 
force curves, we can observe the force versus deformation properties of the RBC 
membrane and the underlying cytoskeleton. That is, the mechanical properties of the 
membrane can be determined quantitatively as well as qualitatively.  
 
Along with AFM force imaging, forces applied to the cytoskeleton will induce the 
intracellular structure’s reorganization. At the same time, the dynamic reorganization 
process will regulate the mechanical properties of the cell membrane and the cell’s shape 
(Zhu et al., 2000). Using AFM tip to press the RBC membrane and study the RBC micro-
mechanical properties is far from adequate to resemble the dynamic responses of the cells 
to external stimuli by shape changing, cytoskeletal organization, and adhesion in human’s 
circulation system. However, the pN-nN force range and resolution is large and accurate 
enough to simulate the local stress and induced nanometer scale strain from the 






3.2 Force-distance Curves of RBC 
Force curves are commonly used to set the imaging force in contact mode and to study 
attractive, repulsive, and adhesive interactions between the tip and the sample. When 
acquiring the force curve, the lateral (X and Y) movement of the scanner will stop and the 
scanner will only extend and retract the Z electrode. With the Dimension 3100 AFM, the 
tip is moved with respect to a stationary sample (DI, 2000). A typical force curve taken 














A force curve plots the deflection of the cantilever as it approaches, contacts and separates 
from the sample during the extension and retraction of the scanner. The distance of the 
scanner movement is recorded in the horizontal axis (piezo tube’s Z position), and the 
Figure 17   Typical force-distance curve taken from a fresh RBC membrane in
PBS solution. (Red line is the approach section and the blue line is retract section.) 
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cantilever deflection is represented by the vertical axis. Primary parameters for obtaining a 
force curve include: Z-scan start (defines the starting point of the scanner movement 
within the overall Z scan range), Z-scan size (vertical scanner movement distance) and 
Setpoint (used to set the imaging force and the same parameter as the Setpoint in Image 
Mode). The force curve shown in Figure 17 has typical characteristics for the viscoelastic 
samples. The Setpoint limits the maximum force at nearly 2 nN. The point at which tip 
begins to be in contact with the sample and the jump-off-contact point can both be 
observed clearly on the figure (orange arrow and pink arrow, respectively). The force 
curve can be redrawn using the raw data and the software SPIP (Version 2.3030 by Image 
Metrology ApS). 
 
3.3 The Hertz Model 
Although the RBC’s deformation should be non-linear viscoelastic under the AFM tip’s 
pressure, the simulation of this cell-tip contact began with Hertzian contact assumption 
(Radmacher et al., 1994). The derivation of Hertz theory dates back to 1881. It takes into 
account neither surface forces nor adhesion (Cappella et al., 1999). The tip is considered 
as a smooth elastic sphere, while the sample is a rigid flat surface. For a simplified 
spherical geometry of an AFM tip indenting a soft flat surface, the Hertz model predicts a 
dependency between applied force F and indentation δ (uniaxial compressive strain). The 
sample material’s elasticity and Young’s modulus can be described by the following 
equation (Lee et al., 2000): 
( ) ( ) 12 23 2 216 9 1surface pF REδ ν = −       (1) 
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where E is the elastic or Young’s modulus, pν  is Poisson ratio, R is the radius of the 
spherical tip, z dδ = − is the indentation, z is piezo tube’s displacement in Z direction 
after tip contacting the surface and d is the cantilever deflection. The equation is valid 
when surfacetip EE >> . In the case of a 3 4Si N  tip, which has a Young’s modulus of ~150 
GPa, tip deformation is assumed to be negligible in comparison with the surface 
deformation. By substituting F kd= ( k  is the cantilever’s spring constant; and d is 
cantilever’s deflection) and z dδ = − into Equation 1, we can get: 









ν − = +   
     (2) 
The measurement for determining the mechanical properties of the membrane surface are 
based on fitting the force-distance curves to the Hertz model. This requires absolute 
measurements of the contact point, and the tip-sample distance in the ‘z’ dimension. 
However, no method is currently available to determine them that is independent of the 
tip-sample interaction. Following the method described by (Lee et al., 2000), the contact 
point was determined by using the point of interception between the ‘contact region’ and 
‘non-contact region’ of the approach curve, from which indentation can also be plotted. 
Thus, Equation 2 can be further expressed in Equation 3 below: 







z z d d
RE
ν − − − = − +   
   (3) 
Using any two points on the ‘contact region’ of the approaching or retracting force curves, 
we need not get the value of 0z  in advance and we can calculate the Young’s modulus 
surfaceE  of RBC. 
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3.4 Force Volume Imaging 
Using the AFM along with NanoScope III software, we can carry out force volume 
imaging, which combines force measurement and topographic imaging capabilities. A 
force volume data set can be used to map in two or three dimensions the interaction forces 
between a sample and the AFM tip and correlate the force data with topographic 
information. Possible applications include elasticity, adhesion, electrostatic, magnetic, and 
binding studies (Jan et al., 1997). Advantages of force volume imaging include the ability 
to collect distributions of forces at various Z-positions and at thousands of XY positions 
during a single image scan, correlation of surfaces topography to interaction force, better 
quantization of the interaction force, and new methods of analysis. 
 
A single force curve records the force felt by the tip as it approaches to and retracts from a 
point on the sample surface. A force volume image contains a topographic image of an 
area of a sample as well as an array of force curves over the same area. Each force curve is 
measured at a unique X-Y position in the area, and force curves from an array of XY 
points are combined into a three dimensional array of force data (hence the term volume). 
The value at a point (X, Y, Z) in the volume is the deflection (force) of the cantilever at 
that position in space. Typical AFM images depict the topography of a surface by 
measuring the response of a feedback loop to changes in the tip-sample interactions as the 
tip is scanned across the surface. The force volume data set combines ‘simultaneously’ 
measured topographic (a constant force map of the surface) and force information into a 
single data set allowing the microscopist to test for correlations between forces and 
surface features. 
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While the size of the area imaged by the AFM is ultimately limited by the characteristics 
of the piezoelectric tube, the resolution of the data is limited by the computer 
hardware/software. Currently, the total amount of data for any given force volume is 
limited to a maximum 1 Mb. This places restrictions on the resolution of the force curves, 
and the force volume image. Three parameters which affect the resolution of the data are 
Number of samples, Force per line and Samples per line. The first parameter sets the 
number of points collected in each force curve. This is also the Z resolution of the force 
volume image. It does not affect the speed of the scan but does affect the file size. The 
Force per line parameter determines the number of force curves collected and stored along 
each scan line of the sample and significantly affects the scan speed. This parameter is, 
effectively, the XY resolution of the force volume image. A setting that sufficiently 
resolves force-defined features, yet minimizes collection time, is desirable. These two 
parameters are coupled, due to the 1 Mb limit, by the relations (Jan et al., 1997): 
( ) 2 4 1Force per line Number of samples Mb⋅ ⋅ × × ⋅ ⋅ × ≤  Equation 4 
The above requirements restrict the maximum number of force curves per line in the 
volume to 64. The ‘Sample per line’ controls the number of pixels in each scan line of the 
height image. For each pixel in the ‘height’ image, a force curve is collected. Increasing 
this parameter, therefore, increases the scanning time needed to capture a force volume 
image. This parameter directly affects the XY resolution of the height image only. 
Resolution and scan speed are the major determinants of the time required to obtain a 
force volume image. Setting Number of samples, Force per line and Samples per line to 
64, 64, 64 or 256, 32, 32, respectively, are good starting values. From the author’s 



























Figure 18 shows both the parameters settings and the force volume capturing process. 























Figure 19   Force Volume image and 3D view of a dehydrated RBC. (Scan size 
10 mµ x 10 mµ , cantilever used was MLCT-AUNM type with minimum spring 
constant of 0.01 N/m.) 


























Figure 20   Force Volume image and 3D view of a pathological swollen RBC.
(Scan size 10 mµ x 10 mµ , cantilever used was MLCT-AUNM type with minimum 
spring constant of 0.01 N/m.) 

























Figure 21   Force Volume image and 3D view of a fresh RBC. (Scan size 10 mµ x 
10 mµ , cantilever used was MLCT-AUNM type with minimum spring constant of 
0.01 N/m.) 
A B C D E
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Figure 20 is the force volume image of a swollen RBC (not fresh) and Figure 21 is a fresh 
RBC in PBS solution. The softest cantilevers with spring constant of 0.01 N/m were used 
in the imaging process to ensure more accurate response and least damage to the surface. 
These three force volume images show that, because of the system (software and 
hardware) limitation, the topographical image’s resolution could not be compared with 
those captured with imaging mode. This lower resolution also happened with the 3D 
views. Although these defects affected the planar resolution of the surface, the mechanical 
properties of the RBC could still be derived to the extent that thousands of points (64x64 
for one frame) on cell surface can be examined quantitatively. Further calculations and 
comparisons of Young’s moduli will be based on force curve raw data all taken from these 
force volume images. Force volume imaging facilitated the author to get detailed 














3.5 Results and Discussion 
Three types of RBCs discussed above have been calculated for their Young’s modulus, 
they are dehydrated RBC, pathological swollen RBC, and fresh healthy RBC. Young’s 
modulus was calculated using the Hertz model. Young’s moduli at different positions 













Figure 22 shows the cross section profile of a dehydrated RBC. Two red arrows indicate 
the RBC’s radius of around 3.281 mµ . Five points along the line shown in the figure were 
investigated regarding their force-distance curves extracted from the force volume image. 
They had been marked on Figure 19 as A, B, C, D and E with almost equal intervals. 
Points A and E are on the ridges of the biconcave shape whilst C is in the central valley of 
the cell. Points B and D are on the tilted sides.  
Figure 22   Cross section profile of a dehydrated RBC. (Scan size 10 mµ ×  10 mµ .) 
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Figure 23 shows the force curves of the five points on the dehydrated RBC surface. From 
the curves we can observe there were obvious hysteresis in the retract potions. When the 
tip was retracted from the surface, because of the strong adhesion between the tip and 
RBC membrane, the tip would bend upward. Besides the normal upward bending process, 
in the force curves obtained, there was an interesting phenomenon observed. The 
cantilever bending didn’t increase any more after the piezo tube’s retraction reached 
certain amount. That is, the cantilever deflection would maintain at a constant value as the 
piezo tube was further retracting (see the section between the blue arrow and the pink 
arrow in Fig 23D). This interesting phenomenon lasted until the piezo retracted to a higher 
Z position (relative height of the bottom of piezo tube in Z direction) and the cantilever tip 
would detach totally from the cell surface. This point is called the jump-off-contact point 
and at this point the viscous drag force still equals the rebound force of the cantilever 
spring. The phenomenon above showed there was a pure viscous deformation process 
(like dash pot) of the cell membrane before the tip’s jumping off contact from the surface. 
The force between the probe and the membrane remained constant during this process. 


















































Data points from extension portion of the force curves were extracted for the calculation. 
Before the tip contacted the cell, the membrane would remain intact and it was believed 
that the cell would exhibit its original deformation properties. However, in the retract 
session, there would be some biophysical or biochemical changes taken place which were 
resulted from the pressing or penetration of the sharp tip and would cause some 
modification of the membrane’s structure thus its mechanical properties. During our 
calculation, Poisson ratio was set to be 0.5 and tip spring constant was 0.01 N/m. The 
principal radius of the curvature of the contact origin surface was set to 50 nm 
(Radmacher, 1997). The Young’s moduli calculated are listed below in Table 1. 
 
Shown in Figure 24, it was evident that different points had different Young’s modulus. 
A, B, D and E’s values are much higher than the central point C. Their Young’s moduli 
were nearly two times of C. All the Young’s moduli agreed well with the range of 13 – 
Figure 23   Force curves of A, B, C, D, and E of the dehydrated RBC.
(Cantilever spring constant 0.01 N/m.) 
E
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150 KPa for living cells which was first obtained by Weisenhorn AL et al., 1993, and 
Radmacher M, 1997. Micromechanical measurements performed on cultured rat atrial 
myocytes showed that Young’s modulus increased 5 – 8 folds toward the periphery. Our 










































Table 1   Young’s modulus of points A, B, C, D, and E of the dehydrated
RBC. (Cantilever’s Spring constant was 0.01 N/m. Data points from the extending 























Figure 25 shows the cross section profile of a swollen RBC. The cell’s radius was shown 
to be 2.930 mµ , which was smaller than the average value of ~4 mµ . The difference may 
Figure 25   Cross section profile of a swollen RBC in PBS solution. (Scan size was 
10 mµ x 10 mµ .) 
Figure 24   Young’s modulus of points A, B, C, D, and E of the dehydrated
RBC. (Cantilever spring constant 0.01 N/m.) 
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have resulted from the change of the solution’s concentration and the osmotic pressure 
during 10 days soaping in PBS thus causing the cell shape change. Five points on the line 
shown in Figure 25 were also investigated regarding their force-distance curves extracted 
from force volume image. They have been marked on Figure 20 as A, B, C, D and E with 
equal intervals. 
 
Figure 26 shows the force curves of the five points on the swollen RBC membrane. 
Compared with the force curves of the dehydrated one, these curves had longer viscous 
deformation portions before the jump-off-contact point when the tip was retracted from 
the membrane surface. Because the RBC had been defunct and the membrane had been 
surrounded by the PBS solution for a long time, it was possible that the stronger viscous 
effect resulted from the changes of the member’s properties, which was either biochemical 
or biophysical changes. The force curves show repulsive behavior in the non-touching 
regime. This repulsion is due to double-layer forces of charged surfaces in an ionic 
solution (PBS solution), which decays exponentially ~ kxe− , where x  is the distance 
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Figure 26   Force curves of A, B, C, D, and E of a swollen RBC in PBS
solution. (Ten days after extraction. Cantilever spring constant 0.01 N/m.) 
Table 2   Young’s modulus of points A, B, C, D, and E on the swollen RBC.
(Cantilever spring constant 0.01 N/m. Calculation was based on the extension 













Table 2 and Figure 27 show the Young’s modulus calculation results. Except for point C, 
other points’ Young’s moduli were lower than the dehydrated RBC. One explanation was 
that the complicated physiochemical changes in the RBC membrane had resulted in large 
mechanical properties change after soaping the cell in PBS for 10 days. 
 
Finally, Young’s modulus of a fresh RBC has been calculated. First, the cross section 
profile is shown below in Figure 28. The radius of the RBC is around 3.906 mµ , which is 
in good agreement with the typical value (~ 4 mµ ). Five sample points spaced in equal 
intervals along one line are shown on Figure 21. Force curves of these five points are 
shown in Figure 29 for the Young’s modulus calculation purpose. 
 
 
Figure 27   Young’s modulus of points A, B, C, D, and E of a swollen RBC













In Figure 29, the jump-off-contact points in these force curves are more evident to discern, 
especially for points A and B. Hydrodynamic drag was also very strong after the jump-
off-contact points. The dehydrated RBC cannot be regarded as ‘dry’ because there was 
still strong adhesion on the membrane surface and the hydrodynamic adhesion was 
stronger for the swollen RBC and strongest for the fresh one. There was much less noise 
in this batch of data compared with the swollen cell which would bring more accurate 
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Figure 29   Force curves of A, B, C, D, and E of the fresh RBC in PBS 
solution. (Contact Mode Tip used had spring constant of 0.01 N/m.) 
Table 3   Young’s modulus of points A, B, C, D, and E on the fresh RBC.
(Cantilever’s Spring constant was 0.01 N/m. Calculation was based on the retract

























Figure 30   Young’s modulus of points A, B, C, D, and E of a fresh RBC in
PBS solution. (Cantilever spring constant 0.01 N/m.) 
Figure 31   Young’s modulus comparison of three types of RBC.
(Cantilever spring constant 0.01 N/m.) 
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Figure 31 shows the Young’s modulus comparison of these three types of RBC. All the 
values are in the range of 14.4~113.1 kPa. Generally speaking, the dehydrated RBC is 
stiffer than the swollen and the fresh cells. Although the dehydrated cell maintained part 
of the viscoelastic property of its membrane, there must have been large modification in 
its membrane. The possibility was that the crystallization of the molecule and the 
chemicals had accompanied the dehydration process of the membrane and caused the 
membrane to become stiffer. It is still unclear what biochemical and biophysical process 
have taken place in the cytoskeleton during this dehydration process.  
 
There are evident differences for stiffness of different points on the cell. That is, the center 
region is softer than other parts of the cell. This was well observed for the dry and fresh 
RBCs. However, for the swollen RBC this tendency was not that evidently illustrated and 
the reason may lie in the asymmetry of the distribution of five sample points. For the 
swollen cell, the significant change of its underlying cytoskeleton structure would cause 
evident mechanical properties change of the whole cell correspondingly. It was also 
possible that the swollen cell’s position and the center region we had investigated were not 
corresponding to those of the dehydrated one. That is, point C was actually on the 
periphery of the original cell. The cell’s inhomogeneous mechanical properties would be 
further verified in the later chapters. 
 
Because the three cells we selected to do the experiment was not of the same cell, there 
would be sampling differences for their mechanical properties. To decrease the influence 
of these effects, larger sampling pool should be built for more accurate and typical 
comparison and calculation. 
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Chapter 4   Micro-rheology Study of RBC 
4.1 Introduction 
Establishing the local viscoelastic properties within a cell is vital to the understanding of 
the underlying mechanisms of cell motion and of cytoskeletal changes in response to 
alterations in cell function. The internal structure and organization of the RBC depend on 
the cytoskeleton, a polymer network of various protein filaments within the cell interior 
(actin filaments, intermediate filaments, microtubules). The size and the inhomogeneous 
nature of the RBC structure limit the usage of traditional bulk rheology measurements to 
study the cell’s micro-scale rheological properties. AFM has advantages of easy 
adjustment to the liquid environment, the possibility of local measurements, repeatability, 
and precise force determinations. Nowadays, AFM has been proven useful tool in the 
viscoelasticity investigations. 
 
In previous sections, when studying the RBC’s mechanical properties, we could observe 
quite evident viscous interactions between the probing tip and the cell. In last chapter, we 
concentrated on the cell’s elastic deformation characteristics. In this chapter, we will deal 
with the viscous deformation properties of the cell, which can be measured from local 
deformation of the membrane under tip pressing. By studying the differences between the 
approaching part and the retracting part of the force curves, information about the 
membrane’s viscoelasticity can be obtained, that is, how the RBC membrane responds to 
precise limited force. By changing not only the tip’s approach and retract speed but also 
the maximum pressing force of the tip, the information of viscoelastic deformation 
behavior of the RBC membrane was recorded by the force curves. When the AFM is 
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scanning in the topographical imaging mode, the feedback loop of the system maintains 
constant force between the tip and the sample surface. By decreasing the scan size to only 
one single line, the time-dependent deformation of the cell can be observed. Although the 
points on the line were pressed repeatedly rather than being compressed all the time, we 
could still investigate their viscous deformation. 
 













Figure 32 shows that when the scan rate have increased, the differences between the 
approach and the retracting section of the force curve also increased. For higher 
frequencies (15 Hz and 10 Hz), the RBC appeared to be stiffer (the elastic deformation 
was more evident). This is consistent with the results reported before (Putman et al., 
















1 5 H z (A p p ro a c h )
1 0 H z (A p p ro a c h )
0 .5 H z (A p p ro a c h )
1 5 H z (R e tra c t)
1 0 H z (R e tra c t)
0 .5 H z (R e tra c t)
Figure 32   Force versus Z Position plots. (Scan rates at 15Hz, 10Hz and 0.5Hz, 
ramp size 1.815µm. Spring constant of the MLCT-AUNM probe was 0.01N/m.) 
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1994). Putman observed the cell’s “harden” phenomenon under a tapping motion at high 
frequencies. The author supposes the reason underlying the phenomenon shown in the 
experiments above is: when being pressed by the tip at higher frequencies, there was less 
time for the membrane to relax under the applied pressure to a new equilibrium. Thus, the 
tip would encounter more rebound force at higher frequencies. It was still not clear 
whether the cell’s surface had been penetrated or not. The starting point of contact in 
approach section was more evident to discern for this case. For lower frequency, the force 
curves exhibited more characteristics of viscoelastic material and the starting point of 
contact couldn’t be specified clearly.  
 
The viscoelastic behavior of the RBC can be further demonstrated by the apparent 
difference of the hysteresis among these three pairs of force curves. For higher driving 
frequencies, more hysteresis could be observed. That is, more viscous energy dissipation 
happened. It can be expected that for infinitely slow drive velocities, the hysteresis would 
disappear. When the RBC deformation became larger, the RBC appeared to be stiffer. It is 
not difficult to understand this because the deformation would mainly follow the elastic 
law after most of the viscous relaxation had happened and the stability was reached. 
Therefore, the force curve would also become more linearly compliant. The slopes of the 
elastic portions of these force curves were almost the same. That is because the 
experiment was done on the same point on the cell membrane. 
 
Figure 33 shows the force curves variation at different ‘deflection setpoints’ (DS) at 
constant vertical scan rate (1Hz). In Contact Mode AFM, by increasing the deflection 
setpoints, larger maximum forces between the probe and RBC’s surface can be acquired. 
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The maximum probe force varied from 2.7nN to 5.7nN. All the three cases showed 
hysteresis. The hysteresis increased with the increasing force applied and hence 
deformation. The slopes of the elastic deformation portions of force curves were almost 
the same for all the three cases which proved the consistency of the experiment on the 
same membrane surface point. When DS=-1v, the jump-off-contact point can be easily 
specified (see the pink arrow) showing the hydrodynamic adhesion between the probing 














Figure 34 shows the variation of a fresh RBC’s cross-section profile under the same 
scanning force. By disabling the slow scan axis, the tip was actually scanning along one 
single line on the fresh RBC back and forth. Although at any specific time the tip could 


















D S = 1 V (A p p ro a c h )
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Figure 33   Force versus Z Position plots. (Deflection setpoints at -1V, 0V and 1V, 
ramp size 1.256µm, scan rate 1Hz. Spring constant of the MLCT-AUNM probe was 
0.01N/m.) 
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only press one point on the membrane, there were still quite a little compression of all the 














In Figure 34, the deformation could not be recovered during the scanning process. This 
verified the viscous deformation properties of the RBC. Significant compression 
differences of the RBC that depended on the position could be observed, which also 
illustrated the inhomogeneous RBC membrane’s mechanical property. The peripheral 
membrane had hardly been deformed while the center region of the membrane had the 
largest deformation. This phenomenon showed the peripheral membrane was stiffer 
compared with the center area membrane. There is uncertainty here to say “membrane” 
because it is still not clear whether the cross section profile represented the real membrane 





















Figure 34   Cross-section profile of a fresh RBC. (Profile captured at 5s, 10s and 20s 
after scanning started. DS=-0.5v, scan rate=1Hz, and scan length was 8µm.) 
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penetrated the outside lipid bilayers and reached the cytoskeleton or not. However, the 
results shown above could help explain the variation of the Young’s modulus calculation 














By maintaining a constant scanning force on the membrane, we can observe the time-
dependent deformation property. From another point of view, Figure 35 shows the 
compression at different deflection setpoints, i.e. different loads applied. Overall 
deformation increased with larger force. Also, the fresh RBC exhibited inhomogeneous 
viscoelastic deformation behaviour according to different locations on its surface. The 
central region had been deformed to the largest extent and the peripheral region also had 
the smallest deformation. Because the experiment was carried out on one single line on the 
fresh RBC, the black curve on Figure 35 represents the minimum pressed membrane 

















D S = -0 .5 v
D S = 1 v
D S = 2 v
D S = 4 v
Figure 35   Cross-section profile of a fresh RBC in PBS solution. (Profile captured at 
DS=-0.5v, 1v, 2v and 4v. All captured at 10s after scanning started, scan rate 1Hz and
scan size was 8µm.) 
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profile. After pressing by different force each time, there was viscous deformation that 
could not recover. It was supposed by the author the red curve actually represented the 
underlying cytoskeleton profile of the cell. 
 
4.3 Conclusion 
Using the commercial AFM, time-dependent deformation of local points on the RBC 
membrane can only be partly observed. The tendency of the time-dependent deformation 
could be recorded by the scanning strategy we used in our experiments. Actually, once we 
set the scanning force (deflection setpoint) in the control panel and engage the tip, a step 
constant force would be applied to the cell membrane. By pressing the fresh RBC in a 
constant force and moving the tip along the same line repeatedly, viscoelastic deformation 
was recorded on the changing cross-section profile.  Membrane “harden” effect was also 
observed for the relatively high tip’s approach speed. The RBC heterogeneous 
deformation characteristics results from its inhomogeneous mechanical properties, which 
we have already known from the calculation of Young’s modulus at different points on the 
RBC. If the scan speed was fast enough and scan size small enough (to the scale of 
nanometer), then we would be able to record the dynamic deformation of local points fast 
enough (at least two frames per second). The force we used to press the membrane was in 
the range of nN, which may be large enough to disrupt the lipid bilayer. However, this 
will not affect our measurement because the mechanical properties of the RBC are mainly 




Chapter 5   Conclusion and Future Works 
5.1 Conclusion 
AFM is very effective in studying the RBC morphology and the membrane structure. It 
has been widely utilized to investigate the RBC membrane and underlying cytoskeleton 
network’s micromechanical properties. In our studies, topographical imaging and force 
imaging by the AFM has been applied on three kinds of human RBC – dehydrated RBC, 
swollen RBC and fresh RBC. High-resolution images of RBC have been used to compare 
different surface morphology of those cells resulting from different treatment. Tapping 
Mode and Contact Mode were both used in our scanning and there were no obvious 
quality differences between the images captured using these two modes. Closing up the 
view on the cell membrane, fine subunits structures have been observed. The shape and 
dimension of sampling cells have been compared to the earlier results. Force imaging was 
used to obtain force curves of local points on RBC membrane. Taking force volume data 
and the Hertz model, Young’s moduli of different points on three RBCs surface have been 
calculated. Due to modification in the membrane, the dehydrated RBC exhibited higher 
stiffness compared with the swollen and fresh RBCs. The cells’ heterogeneous mechanical 
properties could be observed from the nearly symmetrically distributed Young’s moduli, 
that is, the center regions were softer than the peripheral regions of the biconcave disk.  
 
The RBC’s viscoelasticity was studied first by analyzing the differences between the 
approaching and retracting parts of the force curves. By changing not only the tip’s 
approach and retract speed but also the maximum tip pressing force, the viscoelastic 
deformation behavior of the RBC was recorded by force curves. For higher driving 
 73
frequencies, the force curves exhibited more elasticity in contact section and more 
hysteresis was observed. Increasing the maximum force didn’t affect the cell’s elasticity 
but increased the total dissipation energy. Time-dependent deformation was observed 
partly from single line scanning on RBC membrane. Significant compression differences 
from the cross-section profile further illustrated the RBC’s heterogeneous mechanical 
properties. 
 
5.2 Future Works 
The AFM we used in this study had insufficient resolution to image the nano-scale 
biopolymer constituting the cytoskeleton. In the future work, Multimode AFM, which has 
much higher resolution, will be a powerful tool in studying the nanostructure of the 
cytoskeleton which underlies the RBC’s mechanical properties. The Hertz model, 
commonly used to determine the zero-frequency Young’s modulus from AFM data, 
assumes a spherical tip, although a sharp pyramid shape is more accurate. A modified 
Hertz model with a conical tip shape approximation should be employed in the future 
work. Also, to count in the dynamic response of the RBC to high frequency shear and 
reversal in vivo, the model should be modified to consider high frequency mechanical 
stimuli. 
 
In this study, the viscoelastic deformation could be observed by monitoring the changing 
force curves and cross section profiles of the cell. However, it was hard to record the exact 
real-time deformation of individual point (so-called “local measurement”) under 
continuous and constant applied force on the membrane at both low frequencies and high 
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frequencies. Therefore, the cell membrane’s viscous properties have been observed only 
qualitatively even using the phase imaging and force modulation techniques. The time-
dependent and frequency-dependent properties remained unsolved. To consider the time-
dependent viscoelastic deformation, controlling the movement of the piezoelectric 
translator (to apply constant force at one point for a period of time) and timing of the 
measurement is essential. Once the time-course of compression and recovery of the RBC 
can be obtained, the viscoelasticity of the cell will be able to be modeled by Standard 
Linear Solid (SLS) model or other non-linear viscoelastic model to getting further 
rheological parameters. Also, in the future work, same batch of RBC (at least extracted at 
the same time) should be used in the investigation and larger amount of samples should be 
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